This study attempts to synthesize magnetite nanoparticles from a high purity natural iron oxide ore found in Panvila, Sri Lanka, following a novel top-down approach. Powder X-Ray diffraction, elemental analysis, and chemical analysis data confirmed the ore to be exclusively magnetite with Fe 2+ : Fe 3+ ratio of 1 : 2. Surface modified magnetite nanoparticles were synthesized by destructuring of this ore using a top-down approach in the presence of oleic acid. These oleic acid coated nanoparticles were further dispersed in ethanol resulting in stable nanomagnetite dispersion. Interestingly, the nanoparticles demonstrated a spherical morphology with a particle size ranging from 20 to 50 nm. Magnetic force microscopic data was used to confirm the topography of the nanoparticles and to study the magnetic domain structure. [16, 17] .
Background
Magnetite nanoparticles and their suspensions have shown widespread applications including wastewater treatment [1] , heavy metal removal [2] [3] [4] [5] , magnetic recording devices [6, 7] , magnetic data storage devices [8] , toners and inks for electrophotography [9, 10] , magnetic resonance imaging [11] , bioseparation, targeted drug delivery [12] [13] [14] [15] , pigments [10] , flocculants [16] , and catalytic materials [16, 17] .
Numerous methods for synthesis of magnetite nanoparticles have been reported. Among them, the most common method is coprecipitation of ferrous and ferric ions in alkaline medium [6, 13, [18] [19] [20] [21] . In addition, magnetite nanoparticles can also be synthesized by thermal decomposition [19, 22] , sol-gel techniques [23] , hydrothermal synthesis [24] , electrochemical synthesis [25, 26] , microemulsion techniques [27] , sonochemical synthesis [28] , hydrolysis [29] , and microwave assisted synthesis [26, 30] .
Although chemical precipitation method has been identified as the most economical and practical method for magnetite nanoparticle synthesis, top-down approach involving crushing, milling, or grinding offers a simple environmentally friendly synthetic route despite the long grinding times involved [31] . Due to that interest, in very recent years, high energy ball milling has extensively been used to study the effect on the particle size, crystallite size, and lattice strain in metals, metal oxides, metal alloys, and so forth [32] [33] [34] [35] . Physicochemical properties of ball milled boron particles under two grinding techniques such as dry and wet grinding were investigated by Jung et al. [36] . They found that the size distribution, morphology, size reduction rate, and the degree of agglomeration of milled boron particles are affected by milling type as the wet milling process produced boron particles with narrower size distribution, smoother morphology, and less amount of agglomerated particles compared to dry milling process. In another study, Razavi-Tousi and Szpunar have investigated the effect of ball size on steady state of aluminum powder and efficiency of impacts during milling and they have concluded that, at a given mill speed and ball to powder ratio, a change in balls' size can improve milling efficiency [37] . In addition, there are evidences to prove that the milling parameters such as speed and time have much impact on the crystallite size during the ball milling [38] .
Almásy et al. have compared the properties and the structure of nanoparticles synthesized by coprecipitation and wet grinding methods. They have concluded that the magnetite nanoparticles resulted in by wet grinding process demonstrated higher saturation magnetization than those obtained by rapid coprecipitation method [31] . We report herein the synthesis of magnetite nanoparticles from a naturally occurring magnetite ore deposit located in Panvila, Sri Lanka, using a wet grinding approach involving significantly low grinding time.
Among several naturally occurring magnetite deposits in Sri Lanka, Panvila deposit is the purest of all recent discoveries with 93-98% magnetite and trace amounts of titanium dioxide as rutile (1.3-3.4%) and other elements [39] . Geologically, Panvila is situated well within the lithological formation of the highland group. The magnetite bands are sandwiched between crystalline highland group rocks running parallel to the Knuckles Massif. Panvila iron ore is found in high crystalline form with an ore size of approximately one million tons of magnetite.
Materials and Methods
The natural iron oxide (magnetite) samples were collected from Panvila, with the courtesy of Geological Survey and Mines Bureau (GSMB), Sri Lanka. Table 1 shows the physical properties of the ore deposit. The samples were used as recieved with no chemical modifications, unless stated otherwise. Oleic acid, H 2 SO 4 , H 3 PO 4 , HCl, KMnO 4, and ethanol used were of analytical grade. Deionized water was used for all the solution preparations.
Mineralogical phase identification of the natural ore and the synthesised samples was carried out using powder X-Ray diffraction (PXRD) technique using Bruker D8 Focus X-Ray powder diffractometer, using Cu K radiation ( = 0.154 nm) over a 2 range of ∘ with a step size of 0.01 ∘ and a step time of 2 s. Morphological studies were carried out using HITACHI SU6600 scanning electron microscope (SEM). The morphology of the samples was studied using the secondary electron mode and scanning transmission mode. The solid samples were mounted on a carbon tape and coated with a thin layer of Au for SEM imaging. A drop of the magnetite dispersion in ethanol was placed on a carbon coated Cu mesh and dried for STEM analysis.
The elemental composition was recorded for powdered samples using Philips PW 2400 X-Ray Fluorescence Spectrometer (XRF).
Magnetic force microscopic (MFM) imaging was performed using Park Systems, XE-100 atomic force microscope with a magnetic force microscopic attachment. Magnetite dispersion was mounted onto a mica substrate and dried at 100 ∘ C before microscopic observations. The scans were carried out on XY plane ( -decoupled) in noncontact mode.
Particle size distribution and the zeta potential of the dispersions were determined using Malvern Zetasizer; nano ZS (size range, 0.6 nm-6 m). Bruker Vertex 80 coupled with Ram-FT module (RAM II) Fourier transform infrared spectrophotometer (FTIR) in the range of 400 to 4000 cm
was used to study the functional groups present in resulted oleic acid coated magnetite nanoparticles. The data was measured in transmittance mode using KBr pellet method with the ratio of 100 : 1 KBr to magnetite sample. 
Determination of
5Fe 2+ (aq) + MnO 4 − (aq) + 8H + (aq) → 5Fe 3+ (aq) + Mn 2+ (aq) + 4H 2 O (l)(1)2Fe 3+ (aq) + Zn (s) → 2Fe 2+ (aq) + Zn 2+ (aq)(2)
Synthesis of Surface Modified Magnetite Nanoparticles.
A sample of 20 g of magnetite ore (MAG-Ore) was crushed into a powder using a mortar and a pestle resulting in crushed magnetite powder (Mag-Ore-Crush). The resulted magnetite particles were separated from the ore magnetically using a neodymium block magnet, with a 13,000 Gauss magnetic field strength (MAG-Ore-Sep), and were subjected to grinding in the presence of oleic acid (20 cm 3 ) using a FRITSCH Planeten-Mikromühle PULVERISETTE 7 premium line grinder in an inert atmosphere (N 2 ). The grinding procedure was continued in a sequential manner as explained below: (a) Sample of MAG-Ore-Sep was ground using 15 mm size tungsten carbide grinding balls and the resulted sample is MAG-Ole-Grd-1.
(b) MAG-Ole-Grd-1 is further ground using 5 mm size tungsten carbide balls resulting in MAG-Ole-Grd-2.
(c) MAG-Ole-Grd-2 is further ground using 3 mm zirconium oxide balls resulting in MAG-Ole-Grd-3.
(d) MAG-Ole-Grd-3 is further ground using 1 mm zirconium oxide balls resulting in MAG-Ole-Grd-4.
(e) MAG-Ole-Grd-4 is further ground using 0.5 mm zirconium oxide balls resulting in MAG-Ole-Grd-5.
Each grinding step was continued for 1 hr duration and the grinding was carried out at 700 rpm.
Large particles were separated from the oleic acidnanomagnetite dispersion by centrifugation at 9000 rpm using Sigma 3-18 laboratory centrifuge for 30 min after each step. The particle size and the zeta potential of the MAG-Ole-Grd-5 dispersion were measured using Zetasizer. Ethanol was added dropwise into 1 cm 3 of MAG-Ole-Grd-5 dispersion until a clear and stable solution was obtained prior to analyzing the particle size and zeta potential. SEM imaging, STEM imaging, and MFM imaging of MAG-Ole-Grd-5 were carried out for morphological analysis and magnetic structure studies of the resulting magnetite nanoparticles. Figure 1(a) shows the PXRD pattern of the crushed magnetite sample obtained from the ore prior to magnetic separation.
Results and Discussion

Characterization of the Magnetite Ore (MAG-Ore-Crush).
The major phase of the ore was identified as magnetite by referring to the ICDD data base (PDF number 01-089-0691). As shown in Figure 1(b) , the product obtained after grinding, according to the suggested method, resulted in a solid material rich in magnetite. There are no detectable crystalline impurities in the final product. However, the intensity of major 311 diffraction peak has significantly reduced as a result of reduction in the crystallite size. Referring to the Scherrer formula, crystallite size of the magnetite powder resulting in after final grinding stage (MAG-Ole-Grd-5) was found to be 11 nm, where that of the initial powder sample (Mag-OreCrush) was 36 nm. Therefore, it is noteworthy to mention that the utilization of kinetic energy of the high density balls has affected the crystallite size reduction. Creation of large numbers of linear defects resulting in high dislocation density regions will lead to the reduction in crystallite size. During further milling, the sample volume exhibiting small grains extends throughout the entire specimen, hence decreasing the effective crystallite size [40] . However, the crystallite size of a crystalline material does not necessarily represent the particle size. In other words, a particle is made up with the combination of crystallites with grain boundaries to form polycrystalline material. It is further confirmed by Figure 3(a) . Even though the crystallite size is 36 nm according to the Scherrer equation, the particle size of MagOre-Crush in Figure 3 (a) is in micron range. Table 2 shows the average percentages of major elements in five replicates of MAG-Ore-Crush. As evidenced by XRF analysis, the ore was rich in iron oxide.
According to the data obtained from the titrimetric method, the molar ratio between Fe 2+ and Fe 3+ was 1 : 2, which was in agreement with the molar ratio present in the magnetite (Fe 3 O 4 ).
Oleic Acid Modified Magnetite Nanoparticles.
Oleic acid, a long chain carboxylic acid, was used as a surface modifier during the wet grinding process in order to avoid any particle agglomeration. Unexpectedly, oleic acid coated magnetite nanoparticles with a size distribution of 20-50 nm were obtained by this approach. In aqueous systems of iron oxides, the surface oxygen atoms bound to Fe atoms undergo protonation with water to form surface hydroxyl groups. Surface hydroxyl groups are amphoteric and may react with either acids or bases. In aqueous dispersions, the surface of magnetite will either be positive or negative, depending on pH of the solution. In this study, oleic acid molecules react with the surface hydroxyl groups of the magnetite forming a stable coating around nanoparticles, thus preventing their agglomeration.
Particle size analysis obtained from Malvern Zetasizer nano ZS device showed that MAG-Ole-Grd-5 produced a single narrow peak within the range of 20-50 nm (See Figure 2) . Surprisingly and interestingly, such uniform particle size distribution for stable magnetite nanoparticles synthesized through top-down approach with reasonably reduced grinding time had not been previously reported. The uniform particle size distribution and the size range resulted due to the selection of proper organic medium to stabilize the nanoparticles, the grinding ball size, and ball material. This method has therefore led to exploration of a commercially viable topdown process for synthesis of magnetite nanoparticles from a natural ore.
SEM images given in Figures 3(a) -3(d) illustrate the particle size and the morphology obtained with grinding balls of different sizes. According to these figures, after the final grinding step with 0.5 mm zirconia balls (MAG-OleGrd-5), majority of the particles with spherical morphology and particle size less than 50 nm were produced. These evidences were further confirmed by the STEM image given in Figure 4 (a), while Figure 4(b) shows the size distribution of 112 particles in few STEM images and also provides evidence to prove the particle sizes are ranging between 20-50 nm.
Magnetic domain structure and the topography image of the magnetite nanoparticles are shown in Figure 5 . As shown in the topography image well defined magnetite particles are observed.
MFM images are formed by scanning the attractive and repulsive magnetostatic field with the interactions between the magnetic tip in vertical direction and the surface of a sample in horizontal position. Magnetic tip represents a magnetic dipole. In the image well-defined walls and domains can be observed where negative shifts (repulsions) appear as dark areas while positive shifts (attractive forces) appear bright in the MFM image. Regular shaped uniformly distributed domains (circular) are observed.
Zeta potential was measured for MAG-Ole-Grd-5 and the average zeta potential was +42 mV. Generally, for nanoparticles, a high zeta potential confers stability; that is, the solution or dispersion resists forming agglomerated particles. Accordingly, the above stated dispersions are in the highly stable range. It was also observed that these dispersions were stable over six months. Figure 6 (a) shows the FTIR spectrum of the magnetite nanoparticles coated with oleic acid. Here, the characteristic absorption of Fe-O bond appeared at 578 cm −1 , which is in close agreement with those reported previously [6, 41, 42] . Figure 6(b) shows the FTIR spectrum of pure oleic acid. Two sharp bands appearing at 2923 and 2852 cm −1 were attributed to the asymmetric and symmetric stretching frequencies of CH 2 groups of oleic acid, respectively. The intense peak at 1710 cm −1 was due to the presence of C=O stretching and the band at 1285 cm −1 was due to C-O stretching. In surface modified magnetite nanoparticles (Figure 6(a) ), the asymmetric CH 2 stretching and the symmetric CH 2 stretching had shifted to 2920 and 2850 cm −1 , respectively. This observation confirmed that the adsorbed oleic acid molecules are in a closed pack crystalline state as a monolayer arrangement around the magnetite nanoparticles [22, 43] . Moreover, the C=O stretching band of the carboxyl group, which occurred at 1710 cm −1 in Figure 6 (b), was absent in Figure 6 (a). Instead, there were two bands appearing at 1540 and 1410 cm −1 which were characteristic of the asymmetric ] as (COO − ) and the symmetric ] s (COO − ) stretching [43] revealing that the oleic acid was chemisorbed onto the magnetite nanoparticles as a carboxylate.
It has been reported that, during grinding process, inelastic collisions between the particles and the balls destructure the particles leading to the formation of fresh interfaces between the reaction phases. Such processes involve dynamic deformation, fracturing, and cold welding. The frictional heat thus dissipated over collision areas is transferred from balls to particles that empowered the exposed Fe ions to react with oleic acid molecules. As a result, oleic acid is absorbed onto these freshly appeared surfaces through different modes of bonding such as H-bonding and van der Waals bonding. The successful synthesis of uniform sized magnetite particles by mechanical grinding process could be related particularly to the appropriate selection of the grinding medium, ball size, ball material, and milling time. This observation could be further explained by referring to Almásy et al. [31] . They have concluded that the deformation size in a powder particle that is trapped between balls during high impact milling process could be expressed as a function of the distance from the particle center to the contact area, the relative impact speed, the ball density, and the hardness of the particle [31] . When the grinding was performed using a given ball size at a particular grinding step, it was observed that the particle size reaches an equilibrium where the further grinding with grinding balls of the same size will not affect the size of the particles. Therefore, the balls with less diameter compared to previous balls were introduced for the next grinding step. Then the particle size was further reduced and again reached equilibrium. Therefore, the sequential application of grinding with grinding balls of different size tends to form dispersion with narrow distribution of particle size.
Conclusions
Stable dispersion of oleic acid coated magnetite nanoparticles with uniform particle size distribution has been synthesized through top-down approach using a high purity ore available in Sri Lanka. The ore was wet-ground using the FRITSCH Planeten-Mikromühle PULVERISETTE 7 premium line grinder in an inert atmosphere in the presence of oleic acid. By considering all the analytical methods such as particle size analysis, SEM imaging, STEM imaging, and AFM imaging, the particle size of the magnetite nanoparticles which resulted after final grinding step (MAG-Ole-Grd-5) is within the range of 20-50 nm and has a zeta potential value of +42 mV. This experiment was repeated three times and the results were reproducible. Significantly, this synthesis of magnetite nanoparticles through top-down approach significantly reduced the grinding time to 5 hrs compared to what was previously reported.
